Abstract-Keeping the power hungry, smart wireless communication devices up and running became a challenging issue due to the need for continuous supply of battery power required for fulfilling all the functions. Since the battery capacity is limited, it needs to be recharged as often as possible. Hence, rather than spreading wires all around, it could be a promising solution to cover the medium with electricity wirelessly or create charging points around residential premises based on Wireless Power Transmission technology. The work presented here involves investigation of the possibility of providing wireless charging points within a room and analyzing the choice of best frequency and best pulse shape for transmitting power wirelessly within a distance smaller than 10m in order to charge batteries of such devices as smart phones. The parameters that can be adjusted to maximize efficiency of wireless power transmission and the relationship between the choice of frequency, pulse shape and distance will also be investigated. Antenna design will be left as a subject for future study. 
I. INTRODUCTION
Wireless Power Transmission (WPT) was first introduced by Nikola Tesla in the early 19th century [1] . His experiments were a great step toward a new generation of electricity transmission. Although his works didn't achieve an appropriate result because of low efficiency, it was a beginning for scientists and researchers to find a more efficient way for WPT. There are three different types of WPT techniques in the technological literature, namely, Laser Beam Wireless Power Transmission (LB-WPT), Near Field Wireless Power Transmission (NF-WPT) and Far Field Wireless Power Transmission (FF-WPT).
Due to the characteristics of the laser beam, the LB-WPT method needs a line of sight (LOS) between the transmitter and the receiver in order to enable the laser beam produce electricity at the photocell receiver. National Aeronautics and Space Administration (NASA) has done an experiment to energize an unmanned aircraft by lighting a laser beam to a photocell plate installed on the aircraft in 2003 [2] . NASA is currently working on the project of energizing satellites from earth using any suitable WPT technology.
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The NF-WPT is mostly concentrated on Magnetic Induction Method [3] - [5] which are based on LC circuits and inductive resonance. The efficiency of NF-WPT is very high due to the short distance between the transmitter and the receiver coil. The shorter the distance, the higher the efficiency will be.
The FF-WPT method is based on transmitting and receiving Radio Frequency (RF) signals at a certain distance. In this research, our focus will be on distances smaller than 10m. One of the first experiments in this area happened in World War II during the development of cavity magnetron [6] . Later on, interesting experiments were carried out at Raytheon's Spencer Laboratory in May 1963 using Microwave Wireless Power Transmission (MW-WPT) technique with an efficiency of 13 percent to drive a 100W DC motor [6] . In search of the best frequency for WPT, in 1975 Goldstone designed an experiment using a 26m diameter parabolic transmitter antenna using 2.388GHz frequency. Within a 1.54km distance from transmitter, the 3.4×7.2m 2 rectenna could just achieve 6.7% efficiency [7] . The transmission efficiency in this experiment was not satisfying despite the impractically high dimensions of the transmitter antenna and receiver rectenna. Developing rectennas to achieve the best efficiency, researchers made efficient improvements during 1992-1994 concentrating on 2.45 and 35GHz [8] - [11] . In 2000, at the Jet Propulsion Laboratory (JPL), based on the availability of the high power X-band sources an experiment of 8.51GHz was held [12] . Most of the works done in MW-WPT have concentrated on the 2.45GHz Industrial, Scientific and Medical (ISM) band frequency due to its power transmission efficiency and relatively lower human health concerns [6] , [13] , [14] . The WPT system efficiency can be improved by transmitting a specially designed signal such that the LOS and reflections will add constructively at the receiver. The focus of this article will be on the choice of the shape and characteristics of the transmitted signal in order to maximize the received power at the rectenna output.
The article is organized as follows: In Section 1, an introduction to WPT is given. In Section 2, the various WPT techniques are reviewed and Section 3 concentrates on the choice of best frequency and transmitted pulse shape for maximizing WPT system transmission efficiency. WPT Channel Modeling in Section 4 is followed by Simulation Results and Conclusions in Section 5 and 6.
II. REVIEW OF WIRELESS POWER TRANSMISSION
In this article, WPT will be referred to as the concept of energizing electrical devices without using conductor wires. One of the most famous WPT methods in research is Induction Method (IM). In IM, the magnetic field produced by the transmitter coil induces a magnetic field at the receiver coil, which in turn produces a current when the receiver coil is located in the transmitter coils magnetic field. Based on the characteristics of the IM, magnetic field can feed the receiver coil in two different ways; Non-Resonant Induction Method (NRIM) and Resonant Induction Method (RIM). NRIM is useful over short distances such as less than a few centimeters when the transmitter and receiver are aligned. For larger distances the RIM is useful by tunneling the magnetic field to the receiver part while both coils are operating at the same frequency for resonance. According to the magnetic field properties, IM cannot be useful over long distances as the transmitter coil will need huge amount of power to produce a strong magnetic field at the receiver coil and the size of the coil will get extremely large. On the other hand, human health concerns will become significantly important under such powerful magnetic field conditions. This lack of ability for the IM to transmit power wirelessly to larger distances leaded scientists to search for other methods such as Laser Power Transmission (LPT) and Microwave Wireless Power Transmission (MWPT).
The LPT method was then introduced to energize devices at farer distances. Here, the laser beam is projected on a special Photo-Voltaic-Cell (PVC) which is placed on the receiver device. The receiver will then convert the optic energy of the laser beam into electric current. However, while solving the problem about transmitting power wirelessly to relatively larger distances, the necessity for a clear Line-of-Sight (LOS) created a weak point in the LPT method. In addition, exact positioning and directionality of the LPT method still poses a serious problem [15] .
The next alternative solution is the MWPT method where the RF signal in microwave frequency range is produced in the transmitter antenna and transmitted in the air. Coverage of the MWPT method can be adoptive depending on the transmitter power and the antenna configuration. The receiver will simply consist of a combination of an antenna and a rectifying circuit, called rectenna in order to collect the microwave energy and produce electricity. The use of MWPT method is expected to solve many problems related to WPT. However, the efficiency of the system is still unacceptably low, that poses a big problem for practical applications. MWPT method is known as one of the best solutions for WPT due to its capacity to transmit power to long distances, and its tolerance to miss-alignment of the transmitter and receiver. In this work we are concentrating on improving efficiency and coverage flexibility of MWPT method with reference to the block diagram presented in Fig. 1 .
In Fig. 1 , the data source generates an AC signal, which is pulse-shaped by a pulse-shaping-filter, which is then followed by an oscillator, a frequency convertor, a magnetron and a transmitting antenna. The channel in Fig.  1 usually consists of a Line-of-Sight (LOS) and multiple echoes of different magnitude and phase, which will be discussed in detail in the next section. The receiver part is made of a combination of a rectifier circuit and an antenna which is called rectenna. Rectenna is working as a signal collector and it converts the RF signal into DC power. Therefore the choice of rectenna is also a critical issue for maximizing transmission efficiency. The MWPT method employed in this work will be used to charge electronic devices such as a latesttechnology smart phone (LTSP). A LTSP such as an IPhone 5s typically has 1650mAh battery. The minimum energy source required to charge such a battery is 2.5 Watt with a minimum 0.5 Ampere current and 5 Volts DC voltage. Hence, this work will concentrate on producing such amount of power in the receiver part, so that the targeted devices will be charged. Generally, because of transmission power loss, rectenna size and other factors such as human health hazards, it is not possible to have a 2.5 Watts power at the receiver. In order to produce the required amount of power we need to employ voltage multiplier circuits after the power collector circuit shown in the Fig. 1 . One of the best choices for voltage multiplier circuit is Dickson DC-DC charge pump which can make the output voltage up to five times bigger [16] .
III. WPT CHANNEL CHARACTERISTICS
The major impairments of an indoor wireless channel are specular reflections from the smooth walls, ceilings and floors; refractions (changing direction when passing through materials); diffractions (occur when waves bend around corners) and scattering (diffused reflections from relatively small irregularities) and finally the thermal noise. In addition, there will be transmission losses when waves travel through obstacles such as walls, floors and ceilings [17] . Hence, these impairments in the transmission medium could cause substantial amounts of time and/or space variant path-loss which can result in significant reduction in signal strength and cause polarization problems.
A. General Characteristics of Indoor Transmission
Medium When modeling and analyzing the efficiency of MWPT techniques, the characteristics and behavior of the channel plays a major role. It is therefore important to compare and contrast the characteristics and behavior of the Indoor Transmission Medium for usage in data transmission and power transmission distinctly, as stated in Table I below. 
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It can easily be judged from Table I that, the channel impairments such as multipath propagation, thermal noise, or phase noise that hinder the performance of indoor WDC does not have a severe negative effect on MWPT. Contrary to WDC, the power in the multipath components may improve systems efficiency in MWPT. This is depicted by the multipath propagation model in Fig. 2 where contribution of the LOS and reflections to the composite multipath signal is shown. Each of the rays arriving at the receiver due to the transmitted signal will experience a different path loss and phase shift. The pathloss due to multipath propagation in indoor transmission medium will be discussed in the following section where as the phase shift will be ignored due to its irrelevance for MWPT. 
B. Path-Loss Model Due to Multipath Propagation in Indoor Transmission Medium
The indoor transmission model of our interest will be based on the scenario when the transmitter and receiver are located in the same room such that transmission medium path-loss will be made up of the LOS path-loss and an average path-loss due to multiple reflections. There are many path-loss models available in the literature that account for attenuation through walls, floors and ceilings as well as shadowing.
However, for the MWPT path-loss model, only signal behavior inside the same room will be considered since the transmitter and receiver will be placed in the same room and the reflections from neighboring rooms will be negligibly weak. Hence, effects such as penetration through building materials will be eliminated from the general formulae published in the literature. The basic path-loss model presented in the ITU-R P1238-7 recommendations at [18] can serve as the best model for MWPT as: 10 10 log ( ) log ( )
where M is the frequency-power-loss coefficient, N is the distance-power-loss coefficient, f c is the transmission frequency in MHz, d is the separation between the transmitter and receiver in m, L f (n) is the wall, floor and ceiling penetration loss factor and n is number of walls, floors and ceilings between the transmitter and receiver and R is the adaptation constant for different locations.
For the case at hand where the transmitter and receiver are in the same room, L f (n) is 0 and therefore these terms are dropped from the equation. Then, for single room indoor environments, (1) reduces to [18] : 10 10 log ( ) 20
where the distance between the transmitter and receivd (d ) is in m and the transmission frequency f c is in MHz. When the transmission frequency f c = 900 MHz, (1) becomes:
The indoor channel model given by [19] has no frequency component as shown below. This model is not preferred since we are also interested in the behavior of the MWPT system at different frequencies. 
The two models used for path-loss modeling in indoor transmission medium are both widely accepted by the related scientific bodies. However, for the MWPT purpose, (1) shall be preferred since it has frequency component and the power loss factor is higher, as expected for indoor transmission medium.
C. The Use of Narrow-Beam Directional Antennae
When wide-beam antennae (Omni-directional or Omni-horizontal) are used both at the transmitter and at the receiver, since the transmitted power will scatter 360 o horizontally, the receiver will receive only a portion of the transmitted signal, which can be very small. When however, highly directional antennae are used, the receiver will be unable to collect some of the multipath components which are outside of its aperture. In general terms, directional antennae help to improve path-loss by directing the transmitted signal energy in the desired direction. However, in the case of MWPT, there is additional gain obtained by either eliminating the multipath components or reducing their powers in such a way that:
 The powers of the first order reflections will be diminished by the directional antennae, hence, they will not contribute significantly to the amount of collected power;  The rays that reflect from the obstacles near the antenna will originate from low powered sidelobes, hence their contribution will be small;  The rays that originate due to second, third or further order reflections will have very low reflected powers and hence very small contributions; Hence, due to the reasons stated above, the major contribution to the collected power at the receiver is due to the LOS component.
IV. MWPT SYSTEM MODELLING AND SIMULATION
System modeling and simulations using SIMULINK will be performed in order to validate the MWPT in an indoor transmission medium and assess transmission efficiency under various conditions such as at different transmission frequencies, pulse shapes, LOS and non-LOS (NLOS) conditions, different transmitter-receiver antenna gains and signal directionality conditions resulting in changes in the Rician k-factor. The system setup for simulations is shown in Fig. 1 above, where the specific module parameters will be described before each simulation is presented. The data source is simply a train of random data samples (±1), which will be shaped by the pulse shaping filter and then carrier modulation will adjust the transmission frequency to fit the channel conditions and maximize MWPT system efficiency. The indoor wireless multipath propagation medium will be either a multipath Rayleigh fading channel when a LOS is not available or a multipath Rician fading channel when a LOS is available.
The rectenna will simply be a planar microwave antenna with a desired gain preceded by a low cut off rectifier diode such as a Schottky Diode. The power collector circuit can be a simple capacitor-diode bank designed as a voltage multiplier as shown in [20] . Initial simulations are carried out to estimate the average received power at distances varying from 1 to 10m with a basic rectangular pulse shaped data transmitted over various microwave carrier frequencies and the results are presented in Fig. 3 Pulse shaping is expected to change the transmitted power and also with the price of increasing interference power for the devices using neighboring frequencies on the spectrum. Simulations are performed in order to estimate the amount of decrease in the received power by using a band-limited pulse shape such as raised-cosine. The rectangular pulse shaping is depicted to show a better performance than the raised-cosine pulse-shaping technique applied to MWPT. The results show that there is a slight loss in the received power level by using raised-cosine pulse shape compared with the rectangular pulse shape. This is acceptable if limiting interference to the devices using neighboring frequencies is strictly necessary. Otherwise, rectangular pulse shapes can be preferred. This is depicted in Fig. 4 where the performance using rectangular and raised-cosine pulse shapes are compared. In search for the best technology to optimize the MWPT system, a thorough study has also been done to find out if the duty-cycle of the rectangular pulse train has any effect on the system efficiency. It can easily be shown that, due to the use of antipodal signaling (±1), the received power will always be same. Therefore, the dutycycle of the rectangular pulse train has no effect on transmission efficiency.
The MWPT system should be so designed that there is always a LOS between the transmitter and the receiver. However, there can be instances where the LOS could be blocked for periods of time. Simulations have been done in order to test this situation and the results are presented for both LOS and NLOS cases in Fig. 5 for the rectangular shaped pulses. The results show that the loss of LOS causes a significant decrease in system efficiency. Increasing the transmitter and receiver antenna gains clearly show a drastic improvement in the system efficiency and only by the use of high gain transmitter and receiver antennae the system efficiency is raised to a level where MWPT technique becomes sufficiently high in order to charge such devices as smart phone batteries in practice. However, the directional antennae are not only increasing the gain but also improve system efficiency by eliminating scattering of the multipath components.
Hence, simulations are performed for MWPT over indoor wireless transmission channel with varying amplitude reflections, described by varying Rician kfactor and the results are shown in Fig. 6 . It can be judged from Fig. 6 that the Rician k-factor, hence the strengths of reflected rays relative to the LOS has insignificant changes on MWPT efficiency.
V. CONCLUSIONS
Due to the need to supply increasing amounts of power in order to implement sophisticated functions such as video processing and rendering and wideband data communication, there is an urgent need to charge batteries of electronics communication devices such as smart phones very often. Therefore, providing wireless charging points suitable for all sorts of electronics device batteries can be a smart solution. This work has been done in order to prove by simulations that design and implementation of such a system is possible.
The simulation results have shown that, rectangular pulses can carry more power than raised-cosine pulses. It was also concluded that duty cycle of the rectangular pulses has no effect on transmission efficiency. It was also clear from the results that, without using a highly directional antennae, the received signal power will not be sufficient to charge a typical smart phone battery. The availability of a strong LOS has been shown to improve system efficiency significantly.
It is also concluded that, by filtering, a proportion of the transmitted power will be eliminated by the transmitter. But filtering could be strictly necessary in order to avoid co-channel interference to devices using the neighboring frequencies in electronic communication device crowded environments. Filtering, by such as raised-cosine filter, on the other hand, is shown to reduce MWPT efficiency since a portion of the received power will be eliminated by the filter.
VI. FUTURE WORK
Investigation of the efficiency improvement by various diversity techniques is a subject for further study. The Wireless Power Transmission (WPT) work at lower frequencies such as 100MHz and lower is also subject for further study. 
